Two-dimensional gel electrophoresis (2DE) in proteomics is traditionally assumed to contain only one or two proteins in each 2DE spot. However, 2DE resolution is being complemented by the rapid development of high sensitivity mass spectrometers. Here we compared MALDI-MS, LC-Q-TOF MS and LC-Orbitrap Velos MS for the identification of proteins within one spot. With LC-Orbitrap Velos MS each Coomassie Blue-stained 2DE spot contained an average of at least 42 and 63 proteins/spot in an analysis of a human glioblastoma proteome and a human pituitary adenoma proteome, respectively, if a single gel spot was analyzed. If a pool of three matched gel spots was analyzed this number further increased up to an average of 230 and 118 proteins/spot for glioblastoma and pituitary adenoma proteome, respectively. Multiple proteins per spot confirm the necessity of isotopic labeling in large-scale quantification of different protein species in a proteome. Furthermore, a protein abundance analysis revealed that most of the identified proteins in each analyzed 2DE spot were low-abundance proteins. Many proteins were present in several of the analyzed spots showing the ability of 2DE-MS to separate at the protein species level. Therefore, 2DE coupled with high-sensitivity LC-MS has a clearly higher sensitivity as expected until now to detect, identify and quantify low abundance proteins in a complex human proteome with an estimated resolution of about 500 000 protein species. This clearly exceeds the resolution power of bottom-up LC-MS investigations.
Introduction
Two-dimensional gel electrophoresis (2DE) is a traditional and classical technique to separate proteins by two important characteristics that are isoelectric point (pI) and molecular weight (Mr) [1] [2] [3] . 2DE is a common and extensively used technique in the separation of the components of complex proteomes with more than thousand publications before and after the terms "proteome" and "proteomics" were proposed in 1995 [4] . Most of publications prerequisite that each 2DE gel spot only contains one or two proteins, which is evidenced by randomly selected documents [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and also by the World 2DPAGE database (World-2DPAGE portal: http://world-2dpage.expasy.org/portal) and 2D-PAGE at MPIIB: (http://www.mpiib-berlin.mpg.de/2D-PAGE/). The World 2DPAGE is a dynamic and virtual portal, which integrates over 250 maps for 23 species, totally including nearly 40 000 identified spots, and is the biggest gel-based proteomics dataset available from a single interface [19] . A few publications show that several proteins were contained in some 2DE gel spots [5, 6, 20, 21] . A comprehensive analysis of the Hela cell proteome by SILAC 2DE-LC-LTQ OrbiTrap XL revealed that 676 spots from 816 analyzed ones contained at least two with up to 22 different proteins [21] . Combined with 2DE gel image analysis, conventional 2DE-based comparative proteomics has been extensively used to determine "differentially expressed proteins" under different physiological, pathological, or pathophysiological conditions as reviewed in the selected publications [22] [23] [24] [25] [26] . However, the protein composition in a human tissue, cell, or body-fluid proteome is very complex with a very wide abundance range and complicated huge protein speciation caused by splicing, truncation and modification [27] . The protein species concept lets one to in-depth understand a proteome [28] [29] [30] . By protein speciation, one protein may be diversified into 1 billion protein species as was estimated for a histone [31] . Therefore, it can be expected that one spot contains not only different protein species but also different proteins. Now 2DE resolution can be complemented by super-high sensitivity mass spectrometers, such as OrbiTrap Velos to elucidate these proteins.
Mass spectrometry is the key technique to identify proteins in a complex human proteome. Its sensitivity significantly affects the number of identified proteins from complex proteomes. In our laboratory, the sensitivity of the old ESI-Q-TOF and MALDI-TOF-TOF is at the level of 10-100 fmol for identification of endogenous proteins from a human proteome. In contrast, the sensitivity of the new OrbiTrap Velos is at the level of 1-10 amol for identification of endogenous proteins from a human proteome. The new OrbiTrap Velos dramatically increases the ability of identification of absolutely low-abundance proteins in a complex human proteome and benefits the identification of low-abundance proteins that are present in a 2DE gel spot in separations of complex human tissue proteomes.
Here we describe that each Coomassie Blue-stained 2DE gel spot contains depending on the identification criteria up to several hundred proteins derived from a pooled sample of three matched gel spots and about 50 proteins derived from a single gel spot. As a major consequence, the quantification of spot intensities is only useful, if it is proofed that the spot contains only one protein or even more consequently only one protein species. With our investigation, this seems rarely to be the case and therefore the only solution at present is to use isotopic labeling for quantification in 2DE/MS based approaches of tissues as was already suggested for complete cells [21] . 2DE-MS with isotopic labeling and the application of high-sensitivity MS enables the quantification of a much larger part of the human proteome as assumed before.
Materials and methods

Tumor tissues and protein extracts
A human glioblastoma tissue (male, 34 years old, IV-grade of astrocytoma), and a human pituitary adenoma tissue [male, 22 years old, invasive pituitary adenoma, ACTH (−), hGH (−), PRL (++), LH (−), and FSH (−)] was obtained from the Department of Neurosurgery of Xiangya Hospital, China, and approved by the Xiangya Hospital Medical Ethics Committee of Central South University, China.
For glioblastoma, proteins were extracted from a portion of glioblastoma tissue (ß650 mg) with a volume (3 ml) of protein extraction buffer that contained 7 M urea, 2 M thiourea, 100 mM dithiothreitol (DTT), and 1 mM PMSF. For pituitary adenoma, a portion of pituitary adenoma tissue (ß310 mg) was homogenized in 5.64 ml of homogenizing buffer that contained 2 mol/L acetic acid and 1 mL/L ␤-mercaptoethanol, the homogenate was sonicated (20 s) and lyophilized, and then was stored (−80°C), and then 17 mg lyophilizates were used to extract proteins with a volume (2.2 ml) of protein extraction buffer described above. The extracted protein concentration (glioblastoma: 4.20 g/l with a total volume of ß 3 ml; pituitary adenoma: 4.52 g/l with a total volume of ß 2.2 ml) was determined with a 2D Quant kit (GE Healthcare).
2DE and protein staining
For an 18-cm immobilized pH gradient (IPG) strip (pH 3-10 NL, GE Healthcare), a total of 500 g (glioblastoma: 119 L; pituitary adenoma: 110.6 L) of protein extract was mixed with a volume of 231 L or 239.4 L of protein extraction buffer (8 M urea, 2% w/v CHAPS, 100 mM DTT, 0.5% v/v IPG buffer pH 3-10 NL, and a trace of bromophenol blue) for glioblastoma or pituitary adenoma, respectively. For the first dimension -isoelectic focusing (IEF), the precast IPG strips (pH 3-10 NL; 180 × 3 × 0.5 mm), 18 cm IPGstrip holder, and an IPGphor instrument (GE Heathcare) were used, and performed under the conditions of rehydration overnight (ß18 h), followed by focusing (20°C) by a multistep gradient (250 V and 1 h for 125 Vh; 1000 V and 1 h for 500 Vh; 8000 V and 1 h for 4000 Vh; step and hold at 8000 V and 4 h for 32 000 Vh; and a step and hold at 500 V and 0.5 h for 250 Vh) to achieve a final 36 875 Vh (totally ß7.5 h).The IPG strip with the protein sample was equilibrated in a reducing equilibrium buffer (15 mL; 15 min) that contained 375 mmol/L Tris-HCl pH 8.8, 6 mol/L urea, 20 g/L SDS, 20% (v/v) glycerol, 20 g/L DTT, and a trace of bromophenol blue. The IPG strip was equilibrated in an alkylation equilibrium solution (15 mL; 15 min) that contained 25 g/L iodoacetamide instead of 20 g/L DTT. For the second dimension -SDS-PAGE -an Ettan TM DALT II system (Amersham Pharmacia Biotech), which contains up to 12 gels at a time, 12% PAGE gels (250 mm × 215 mm × 1.0 mm) were used. The gels were run in 10 L of Tris-glycine-SDS electrophoresis buffer that contained 25 mmol/L Tris-base, 192 mmol/L glycine, and 1 g/L SDS with the following conditions: constant 2.5 W/gel for 30 min, and constant 10 W/gel for 340 min. The gel solution for three gels was filled into an Ettan TM DALTsix multi-gel caster (Amersham BioSciences) after mixing 90 mL of 400 g/L acrylamide/bis-acrylamide (29:1 by weight; cross-linking ratio = 3.3%), 75 mL of 1.5 mol/L Tris-HCl pH 8.8, 135 mL of distilled and deionized water, 1.5 mL of 100 g/L ammonia persulfate, and 75 L of tetramethyl ethylenediamine (TEMED). The 2DE-separated proteins were visualized with Coomassie Brilliant Blue G250 staining [32] . The scanned gel images were analyzed with PDQuest system (Bio-Rad, version 7.1, Hercules, CA) [7, 33, 34] .
Mass spectrometry analysis
The randomly selected protein-gel spots (Figs. 1 and 2) were subjected to in-gel digestion by trypsin (0.32-0.48 g/spot; Cat No. V5111, Promega) [7] . The tryptic peptide mixture was purified with a ZipTipC18 microcolumn (cat. No. ZTC18S096; Millipore). The purified tryptic peptide mixture was analyzed with LC-ESI-qTOF (micromass Q-Tof micro TM , Waters, Micromass UK Limited, Manchester, UK), LTQOrbiTrap Velos Pro ETD (Thermo Scientific, Waltham, MA, USA) or MALDI-TOF-TOF MS/MS (Autoflex III, Bruker, USA). MS data are available via ProteomeXchange with identifier PXD004930.
Protein identification for glioblastoma samples
The proteins present in 2DE gel spots of glioblastoma tissue ( Fig. 1) were MS-analyzed. online MASCOT search engine (version 2.3) were used to search a protein against the Swiss-Prot 2014-7 database (release date July 1, 2014; 546000 sequences; 194259968 residues; Homo sapiens 20274 sequences). Search parameters were a mass tolerance of ± 0.5 Da #13C(0) for precursor ions (MS) and ± 0.5 Da for product ions (MS/MS), allowance for up to one trypsin miscleavage, fixed modification of carbamidomethylation (C), variable modifications consisting of oxidation (M) were used. An individual ion score Ͼ 33 indicated significant identity (p Ͻ 0.05). Also, a blank gel on the margin on a 2DE gel was analyzed in parallel to remove any contaminating protein, including trypsin and keratin. (ii) The randomly selected 18 gel spots each pooled from three gels (Green number-labeled spots, Fig. 1 ) and five gel spots (Spots L1-L5, Fig. 1 Fig. 1 ) from a single gel were also analyzed with MALDI-TOF-TOF MS/MS. Each tryptic peptide mixture (0.5 L) was spotted on a 384-well MALDI-plate, immediately spotted 0.5 L of saturated CHCA matrix in 0.1% TFA/50% acetonitrile on the top of the peptide sample, and dried in the air. The air-dried peptides were analyzed with MALDI-TOF-TOF MS/MS. The instrument was managed automatically, 100 laser shots were used to acquire one MS1 spectrum, and six repeated MS1 spectra were accumulated into one synthetic MS1 spectrum. Four most-intense precursor ions from each synthetic MS1 spectrum were selected for MS/MS analysis. For each precursor ion, 100 laser shots were used to acquire one MS/MS spectrum, and four repeated MS/MS spectra were accumulated into one synthetic MS/MS spectrum. The generated .mgf files of the MS and all MS/MS spectra together were used for protein search with online MASCOT MS/MS ion search (version 2.3) against protein database Swiss-Prot 091215 (513877 sequences; 180750753 residues; Homo sapiens 513877 sequences; July 20, 2015) with searching parameters (MS/MS Ion Search, enzyme trypsin, fixed modification carbamidomethyl (C), variable modification Oxidation (M), monoisotopic mass value, peptide mass tolerance ± 100 ppm, fragment mass tolerance ± 0.7 Da, and max missed cleavage1). A statistical probability based on Mowse score was used to determine the identified protein.
Ions score was −10*Log(P), where P was the probability that the observed match was a random event, and protein score Ͼ 70 was significant (p Ͻ 0.05).
Protein identification for pituitary adenoma
The proteins that were contained in 2DE gel spots in separation of pituitary adenoma tissue proteomes ( Fig. 2) were MS-analyzed by LTQ-OrbiTrap Velos and MALDI-TOF-TOF MS/MS with the same MS parameters as described in the Section 2.3.1, including the randomly selected five gel spots from the pooled sample of three matched spots (red-number labeled spots), five gel spots from the pooled sample of two matched spots (green-number labeled spots), and five gel spots from a single gel (black-number labeled spots) (Greenspots 1*, 2*, 3*, 5*, and 16* matched to black-spots 1, 2, 3, 5, and 16, respectively). The LTQ-OrbiTrap Velos MS/MS data were used to search the human database with Mascot as described in Section 2.3.1 (ii). The MALDI-TOF-TOF MS/MS data were used to search the human database with MASCOT as described in Section 2.3.1 (iii).
Results and discussion
Approximately 1100 protein spots were detected in each Coomassie-stained 2DE gel (Figs. 1 and 2). Most of them were distributed within a range of pI 4-8 and Mr of 15-150 kDa. We randomly picked out 44 spots from glioblastoma and ten spots from pituitary adenoma tissue for MS analysis with different mass spectrometers and evaluated the MS data with the aim to identify as much as possible proteins and to see protein speciation.
Comparison of different mass spectrometers
For glioblastoma ( ) from three gels each were analyzed with a 10-yearold qTOF mass spectrometer. Peptides from five spots (Spots L1-L5) were also analyzed with MALDI-TOF-TOF MS/MS. For the same amount of glioblastoma protein samples (Table 1) , much more proteins were identified in OrbiTrap Velos relative to QTOF mass spectrometer or MALDI-TOF-TOF mass spectrometer: an average of 42 proteins/spot vs. 1 protein/spot for a single spot, and depending on the identification criteria an average of up to 334 proteins/spot with at least 1 unique peptide identified, 230 proteins/spot with at least 2 unique peptides identified and 169 proteins/spot with at least three unique peptides identified versus 5 proteins/spot for a pooled sample of three matched spots. The one unique peptide identification had a much larger potential for more proteins to increase the coverage of a proteome, however, it also increases the possibility of wrong identifications and needs further confirmation. Here, all identified non-redundant proteins with at least two unique peptides identified (n = 2492) are listed in Supporting Information Table 1 . For pituitary adenomas, peptides from five gel spots (Spots 1, 2, 3, 5, and 16) from a single gel, 5 gel spots (Spots 1*, 2*, 3*, 5*, and 16*) from the pooled sample of two matched spots, and five gel spots (Spots 12, 13, 14, 15, and 18) from the pooled sample of three matched spots were analyzed with LC-ESI-OrbiTrap Velos and MALDI-TOF-TOF MS/MS. For the same amount of pituitary adenoma protein samples (Table 2), a much higher number of proteins was identified in the super-high sensitivity OrbiTrap Velos relative to the conventional MALDI-TOF-TOF mass spectrometer. The number of identified proteins increases in average from 41 proteins/spot to 63 and 96 by allowing at least three, two and one unique peptides identification for single spot identification, respectively. These numbers increase further to 50, 71, and 110, if two spots are pooled, and to 82, 118, and 167 protein spots, if three spots are pooled. All identified non-redundant proteins with at least two peptide identified (n = 761) are listed in Supporting Information Table 2 .
These results clearly demonstrated that the higher sensitivity mass spectrometer OrbiTrap Velos significantly increased the number of identified proteins under the condition of the same amount of protein samples relative to the old and lower sensitivity mass spectrometers such as qTOF and MALDI-TOF-TOF MS.
Protein speciation
Multiple factors including splicing and post-translational modification lead to multiple protein speciation corresponding to each gene-coded protein. (i) For glioblastoma, a total of 2492 unique proteins with at least two unique peptides identified was identified from only 44 spots distributed over the whole 2DE pattern ( Fig. 1 and Supporting Information Table 1 ); of them, 802 proteins (802/2492 = 32%) occurred in multiple spots with a range of 2 to 21 spots (Table 3; Supporting Information Table 1) , and 23 proteins occurred in more than ten spots, for example, serum albumin occurring in 21 spots, actin cytoplasmic 1 occurring in 17 spots, glial fibrillary acidic protein occurring in 16 spots, 60 kDa mitochondrial heat shock protein, heterogeneous nuclear ribonucleoprotein U and dihydropyrimidinase-related protein 2 occurring in 13 spots, fibrinogen alpha chain, fibronectin, tubulin beta chain, nestin and hemoglobin subunit beta occurring in 12 spots, and MAP7 domain-containing protein 3, alpha-enolase, and moesin occurring in 11 spots. (ii) For pituitary adenoma, a total of 761 unique proteins with at least two unique peptides identified was identified from only ten spots distributed over the whole 2DE pattern (Fig. 2 and Supporting Information Table 2 ); of them, 157 proteins Note: Uni pep = the number of unique peptides. For a pool of three matched spots (right column), proteins were analyzed by OrbiTrap Velos and Mascot, and identified with the criterion of at least one, two and three unique peptides and significance p < 0.05. For one single gel spot (middle column), proteins were analyzed by OrbiTrap Velos and Sequest, and identified with the criterion PSM ࣙ 1 (PSMs: The total number of identified peptide sequences (PSMs) for the protein, including those redundantly identified).
(157/761 = 21%) occurred in multiple spots with a range of two to ten spots (Table 3; Supporting Information Table 2 ). Here, one would find that not as much protein species in pituitary adenoma were found as in glioblastoma. One of possible reasons is that the preparation of pituitary adenoma protein sample used the highly acidic homogenizing buffer (2 mol/L acetic acid), which would cause protein degradation by cleaving between D and P in all proteins. Another main factor might be derived from two different experienced technicians, the glioblastoma experiments were done by a very experienced technician, while pituitary adenoma experiments were done by a novice to possibly lead a loss of sample in the entire experimental process from protein extraction to preparation of tryptic peptide for MS analysis, a much less number of proteins was obtained in pituitary adenoma (average of 118 proteins/spot for the pool of three matched spots, Table 2 ) than in glioblastoma (average of 230 proteins/spot for the pool of three matched spots, Table 1 ). Anyway, the present data showed clearly that protein speciation can be recognized already with the low number and randomly picked spots analyzed in this study. To unravel protein speciation, a complete analysis of all spots in a 2DE gel is necessary as was performed earlier [21] .
How many proteins can be found in one spot?
The number of proteins identified with LC-ESI-QTOF, and MALDI-TOF-TOF was much less than that identified with LC-ESI-OrbiTrap Velos (Tables 1 and 2 ). Therefore, here only the results from OrbiTrap Velos with at least two unique peptides identified were used to discuss the number of proteins identified in one spot. For glioblastoma (Table 1) , a total of 210 proteins with an average of 42 proteins per spot were identified from five randomly selected gel spots (Spots L1-L5) from a single gel with the OrbiTrap Velos; and applying the MASCOT criteria for identification with the additional restriction at least two unique peptides identified, a total of Velos analysis, proteins were searched with Mascot, and identified with the criterion of at least one, two and three unique peptides and significance p < 0.05. The (Table 2 ), a total of 315 proteins with an average of 63 proteins per spot with at least two unique peptides was identified from five selected spots from a single spot; a total of 353 proteins with an average of 71 proteins per spot with at least two unique peptides was identified from five selected spots from two matched spots; and a total of 588 proteins with an average of 118 proteins per spot with at least two unique peptides was identified from five selected spots from a pool of three matched spots. These results clearly demonstrated that each 2DE gel spot contained many proteins and not only one or two. Compared to the number of proteins per spot from a single spot (Glioblastoma: average 42 proteins/spot; Pituitary adenoma: average 63 proteins/spot) and from a pooled sample of two matched spots (Pituitary adenoma: average 71 proteins/spot), much more proteins were obtained from a pooled sample of three matched spots (Glioblastoma: average 230 proteins/spot; Pituitary adenoma: average 118 proteins/spot) when they were analyzed on the same OrbiTrap Velos. Even with the unpooled, one single spot analysis it is obvious that many not only one or two proteins were identified in a 2DE spot in the analysis of a complex cancer tissue proteome. Moreover, more low-abundance proteins in a 2D gel spot were definitely identified with a pool of two or three matched spots relative to a single gel spot. Therefore, the present data clearly demonstrate that a Coomassie Blue-stained 2DE spot contains an average of at least 42 proteins/spot in an analysis of a glioblastoma proteome and an average of at least 63 proteins/spot in an analysis of a pituitary adenoma proteome.
Estimation of the ratio of each protein in the analyzed spots
Exponentially modified protein abundance index (emPAI) is used to estimate absolute protein amount in proteomics, which is equal to 10 PAI minus one [35] . The protein abundance index (PAI) is the number of identified tryptic peptides divided by the number of theoretically observable tryptic peptides [36] . The emPAI value was calculated for each protein identified with at least two unique peptides from 18 glioblastoma spots (Spots 3 Table 4 ). The proteins identified in each spot were categorized by the range of em-PAI value (Table 4 ). The result showed that most of spots contained multiple proteins (12-41 proteins in glioblastoma; 2-16 proteins in pituitary adenoma except for spots 2, 3, and 1* with only one protein) with middle to high abundance (em-PAI ࣙ 1), multiple proteins (53-139 proteins in glioblastoma; 16-73 proteins in pituitary adenoma) with middle abundance (0.1 ࣘ emPAI Ͻ 1), and multiple proteins (47-150 proteins in glioblastoma; 15-67 proteins in pituitary adenoma) with low abundance (0.01 ࣘ emPAI Ͻ 0.1). Moreover, glioblastoma spots 7, 60, and 61 were taken as examples to analyze in detail the ratio of each protein in each analyzed spot (Table 5; Supporting Information Table 3 ). It clearly showed 27 middle to high-abundance proteins (emPAI ࣙ 1) with 99.30% of total emPAI value, 105 middle-abundance proteins (0.1 ࣘ emPAI Ͻ 1) with 0.60% of total emPAI value, and 122 low-abundance proteins (0.01 ࣘ emPAI Ͻ 0.1) with 0.10% of total emPAI value in glioblastoma spot 7; 12 middle to highabundance proteins (emPAI ࣙ 1) with 99.97% of total em-PAI value, 60 middle-abundance proteins (0.1 ࣘ emPAI Ͻ 1) with 0.02% of total emPAI value, and 62 low-abundance proteins (0.01 ࣘ emPAI Ͻ 0.1) with 0.01% of total emPAI value in glioblastoma spot 60; and 35 middle to high-abundance proteins (emPAI ࣙ 1) with 95.29% of total emPAI value, 116 middle-abundance proteins (0.1 ࣘ emPAI Ͻ 1) with 4.11% of total emPAI value, and 136 low-abundance proteins (0.01 ࣘ emPAI Ͻ 0.1) with 0.60% of total emPAI value in glioblastoma spot 61. These results clearly demonstrate that a large number of low-abundance proteins were identified in each 2DE gel spot with high-sensitivity OrbiTrap Velos mass spectrometer. Tables 1-4; Tables 1-5 ). Here, the protein numbers were further investigated with different criteria concerning minimal number of unique peptides from one to three (Tables 1 and  2 ; Supporting Information Tables 5 and 6 ). For glioblastoma (a pooled sample of three matched spots for each OrbiTrap Velos analysis) ( Table 1 and Supporting Information Table 2 and Supporting Information Table 6 ), there was an average of 110 proteins/spot with the criterion of at least one unique peptide identified, of 71 proteins/spot with the criterion of at least two unique peptides identified, and of 50 proteins/spot with the criterion of at least three unique peptides identified, among five analyzed spots. For pituitary adenoma (a pooled sample of three matched spots for each OrbiTrap Velos analysis) ( Table 2 and  Supporting Information Table 6 ), there was an average of 167 proteins/spot with the criterion of at least 1 unique peptides identified, of 118 proteins/spot with the criterion of at least two unique peptides identified, and of 82 proteins/spot with the criterion of at least three unique peptides identified, among five analyzed spots. These results show that the criteria concerning minimal number of unique peptides from one to three significantly affected the number of identified proteins. The number of proteins identified in each spot was significantly decreased from the soft criterion "at least one unique peptide" to the strong criterion "at least three unique peptides" (Tables 1 and 2 ). In order to maximally avoid a wrong identification with the one unique peptide criterion and the possible noise derived from highly sensitive mass spectrometer, the identification criterion "at least two unique peptides" was used in this study. However, although the number of wrong identifications is surely larger for the one unique peptide identifications, many of the one peptide identifications can be expected to be still correct. One can find that many proteins with one unique peptide identification have very high protein amount, Note: For glioblastoma, each spot was analyzed with combined three matched gel spots. For pituitary adenoma, spots 1, 2, 3, 5, and 16 were analyzed with single gel spot; Spots 1*, 2*, 3*, 5*, and 16* were analyzed with combined two matched gel spots, and matched to the corresponding spots 1, 2, 3, 5, and 16, respectively; and spots 12, 13, 14, 15, and 18 were analyzed with combined three matched gel spots. Each identified protein had at least two unique peptides identified. Information Tables 5-14) . Therefore, the identification criterion with minimal two unique peptides in this study may actually underestimate the real protein number in the analyzed spots.
Protein numbers identified depending on the identification criteria
Comparison of protein number identified in glioblastoma 2DE pattern spot 7 from this study with that in human HeLa cell 2DE pattern spot 116 from a previous study
Vimentin is the main component in the list of proteins identified in glioblastoma 2DE pattern spot 7 from this study and in human HeLa cell 2DE pattern spot 116 from documented Thiede's publication [21] (Proteome 2D-PAGE database at MPIIB, human/HeLa cells/Cell proteins/Cell culture; http://web.mpiib-berlin.mpg.de/cgi-bin/pdbs/2d-page/ extern/menu_frame.cgi).The LC-ESI MS/MS .raw files acquired from glioblastoma 2DE pattern spot 7 and HeLa cell 2DE pattern spot 116 were converted into .mgf files with the same parameters. The generated .mgf files were used to identify proteins in a search against the same human Table 6 . Comparison of protein number identified in glioblastoma 2DE spot 7 in this study and human HeLa cell 2DE spot 116 in a previous study [25] The number of proteins in glioblastoma spot 7 Note: Each protein was identified with at least two unique peptides and a significant score (p < 0.05).
protein database with Mascot software applying the same criteria, trypsin, missing cleavage, mass tolerance, and statistical significance; however, different modifications between HeLa cells (SILAC labeling and variable propionamide C) and the present investigation (fixed carbamidomethylation) had to be used in addition to oxidation of Met (ox) and pyroglutamination of Gln, respectively. Also, the protein searching results from two repeated runs of HeLa cell spot 116 were combined. A total of 254 proteins were identified with a criterion of at least two unique peptides from glioblastoma 2DE pattern spot 7 (Table 6 ; Supporting Information Table 7 from 0.05 to 0.10, and 68 proteins with the emPAI value of 0.01-0.05. A total of seven proteins were identified with a criterion of at least two unique peptides from human HeLa cell 2DE pattern spot 116 (Table 6; Supporting Information  Table 8 ), including vimentin (Swiss-Prot Access No. P08670) that was the main protein with an emPAI value of 8.04 in this spot, five proteins with the emPAI values in the range from 0.10 to 0.45, and one protein with the emPAI values in the range from 0.05 to 0.10. These data show clearly that much more significantly identified proteins were found in the glioblastoma 2DE spot 7 that contained vimentin as the main protein in this study compared to the previously documented human HeLa cell 2DE spot 116 that also contained vimentin as the main protein [21] . This huge difference in protein numbers between glioblastoma spot 7 in this study and HeLa cell spot 116 in the previous study [21] was obviously derived from different experiment parameters (Table 7) , including different experimental type, biological sample, 2DE type, gel size, protein amount, LC gradient, and mass spectrometer. Compared to the previously documented HeLa cell experimental study [21] , the smaller gel size, more protein amount, longer LC gradient strategy, and more sensitive peak detection criteria for OrbiTrap Velos in this study resulted in a much larger .mgf file (Glioblastoma .mgf file: 164.824 MB versus HeLa cell .mgf: 0.806 MB) leading to much more identified proteins. It implies that the above mentioned parameters are responsible for the increase of the number of proteins identified. Of course, the difference in efficacy of LC gradient strategy and mass spectrometer sensitivity between these two studies can only be confirmed by a direct comparison of the same amount of peptides from the same spot from the same gel.
Rationality and in-depth consideration of the many proteins identified within a spot
This present study clearly demonstrated that many proteins can be identified in a Coomassie-stained 2DE gel spot within an analysis of a complex human cancer tissue proteome. There are several factors influencing the number of detected proteins per spot:
(i) Protein speciation. It is well-known that the human genome contains about 20 000-25 000 genes [37] . In contrast, because of protein speciation the human proteome contains a much larger number of protein species as compared with the number of genes. For example, one billion potential protein species were already estimated for one histone [31] ) due to post-translational modifications (estimated with the prerequisite of 32 binding sites with different modifications each) [28, 38, 39] . In addition, the copy number of different proteins is much different to result in a huge range of protein abundance, with an estimation of the dynamic range of protein amount for prokaryotes of 10exp6 and for eukaryotes of 10exp12 [30, 40, 41] . For this study, the dynamic range of identified protein amount in each spot was within 10exp2 to 10exp6. Thus, it can be expected that there are many proteins with very similar pI and Mr that co-migrate into a 2DE gel spot. High amounts of direct protein extractions or prefractionated, enriched protein extracts have to be analyzed to access the low abundant protein species. (ii) Protein-loading amount per gel and pooling of matched gel spots. In order to be compatible with Coomassie staining, a high amount (500 g) of protein extract was used for each 2DE analysis compared with earlier studies where only 70 g protein/gel [7] or 150 g protein/gel [12] were used, and spots from up to three gels were combined for one LC-MS/MS analysis. This enables the detection of lower abundance proteins. If the identification limit for a certain protein is 1 fmol it can be principally identified if present with 1 fmol in 500 g protein. If only 250 g protein is investigated it will not be identified because with 0.5 fmol it is below the identification limit. (iii) Noise. Each analytical procedure is accompanied by noise. In proteomics sample preparation, protein separation and protein identification all produce noise. Sample preparation methods are prone to keratin contaminations. In the case of LC-MS for identification of the proteins, for example carryover effects cannot be ignored, especially if high-sensitive MS is used. This effect is reduced by washing the LC columns thoroughly between the runs. Here we want to focus on the contribution of 2DE to noise. As in every separation technique in 2DE the noise increases by increasing the protein amount to be separated. A spot represents the top of a twodimensional Gaussian curve. These Gaussian curves may have toes that can extend very far from the top. Thus at high protein-loading amount, under a given spot there may be many proteins coming from the Gaussians of other spots. Proteins of neighboring spots in a 2DE pattern contribute more to this cross-Gaussians spreading than far-away spots, depending on their amount. Further noise is provoked by pooling of spots, as cutting several spots increases both the amount of proteins, and thus of contaminating ones, and also increases the likelihood that different parts of the spots might be taken on the three picks. An earlier study showed that each protein species is distributed as a Gaussian curve and it cannot be excluded that parts of a certain protein species occur in a nearby protein spot resulting in a neighbor spot contamination [42] .
For example, the glioma samples spots 3, 7, 8, 16, 22, 31 , and 46 were automatically run sequentially with a 30-min LC washing described in Section 2.3.1.ii after every two to three samples. Venn diagrams (Fig. 3) (Fig. 3B) . These findings clearly show overlapping proteins in the range between11 and 28% between two sequentially run samples. An interesting phenomenon is that the distance among spots 3, 7, 8, and 16 is shorter than the distance among spots 16, 22, 31, and 46 ( Fig. 1) , and the overlapping rate (range of 19-28%) among spots 3, 7, 8, and 16 is greater than the overlapping rate (11-20%) among spots 16, 22, 31, and 46 ( Fig. 3) , which shows the influence of 2DE. However, one must realize that those overlapped proteins between two runs were derived by multiple factors including carryover effects or LC memory effects between the two runs, 2DE caused factors such as neighborspot protein contamination, and biochemical reasons such as protein speciation. But it can be concluded that most of the proteins (72-89%) were only present in a single one spot.
(iv) Sensitivity of the readout, the mass spectrometer. The new, high sensitivity OrbiTrap mass spectrometer significantly improved the detection of lower abundance proteins than our 10-year-old QTOF and MALDI-TOF-TOF mass spectrometers although the highly sensitive mass spectrometers would result in the problem of noise that proteomics is facing now with. In order to maximally overcome the noise problem, a reasonable signal to noise (S/N) ratio, and at least two statistically significant unique peptides were used for identification of a protein. (Table 9) . Therefore, those proteins identified in glioblastoma gel spots do not represent noise but mainly real proteins.
Many proteins in a gel spot are a real situation, which is also evidenced by a previous study [21] . However, even if the gels look nice to the eye, there may be invisible artifacts. Due to a part of the proteins not focused or sticking to the gel matrix, degradation because of the high concentrations, possibly incomplete reduction/alkylation due to a depletion effect, incomplete reduction and alkylation, and still interaction of proteins the found protein molecules may not represent the in vivo situation. However, these problems exist in all 2DE procedures and several of them also in LC analyses, and are very difficult to avoid. The goal of this study is to elucidate how many proteins on earth are identified in an excised 2DE gel spot. It clearly demonstrates the reality that many proteins exist in a 2DE gel spot.
Furthermore, these data lead to an in-depth consideration of 2DE-based proteomics: (i) The common method, which selects the first ranked MS-identified protein in a 2DE gel spot, actually loses much protein information. (ii) The accuracy of 2DE-based comparative proteomics to identify differentially abundant proteins by optical density measurements was challenged because it cannot be decided which protein is present in different amount when many proteins are contained in the differential 2DE gel spot. Thus, other validation methods such as Western blot are necessary. (iii) When 2DE is looked as preseparation technique (multiple but not one protein in a 2DE Note: Uni pep = the number of unique peptides. Proteins were analyzed by OrbiTrap Velos and MASCOT, and identified with the criterion of at least one, two and three unique peptides and significance p < 0.05. *The MS-identified proteins were predicted with 7309 protein abundance data in human osteosarcoma tissue culture cell line U2OS [43] .
spot) to construct a 2DE reference map of the proteome, 2DE coupled with super-high sensitivity mass spectrometer such as OrbiTrap Velos can significantly increase the coverage of that proteome. For the present study, protein abundance analysis revealed most identified proteins in each analyzed spot were of low or of extremely low abundance. (iv) 2DE is a very good method to visualize the variants/isoforms [8, 27, 44, 45] or protein species [21] of a given protein in a complex human proteome; for example, 24 growth hormone protein species were present in a 2DE map of pituitary tissues [8, 44, 45] , and 29 vimentin protein species in a 2DE map of HeLa cells [21] . The present study revealed 802 proteins in glioblastoma occurred in two or more spots with a total of randomly analyzed 44 spots, and 157 proteins in pituitary adenoma tissue occurred in two or more spots with a total of randomly analyzed ten spots. Furthermore, according to our result with an average of over 50 proteins per spot for glioblastoma and pituitary adenoma analyses, one can speculate that about 500 000 different protein species could be quantified with SILAC-2DE-LC/MS within one gel [21] with a resolution power of 10 000 spots per gel with 30 × 40 cm large gels [3] . In contrast, bottom-up 2DLC-MS/MS combination can only identify maximally 20 000 proteins, which is limited by the human genome and the impossibility to reach the protein species level. Thus, isotopic labeling combined with 2DE-LC/MS shows its strong power to detect and quantify protein species in a human proteome. Moreover, the present finding changed the traditional concept that the number of accessible proteins is an order of magnitude lower in 2DE-MS as compared with bottomup LC-MS [46] . The reason of that traditional concept is mainly addressed to inaccessible low abundance proteins, low Mr proteins, high Mr proteins, and very basic and very acidic proteins in 2DE-MS relative to bottom-up ICAT-LC-MS [47] and only one to two proteins contained in a 2DE spot [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . This argument is found in many publications and is surely a wrong statement because at least low Mr proteins are better accessible by 2DE-MS [48] . Additionally, in the present investigation we clearly reveal that with a higher sensitivity MS also proteins with low abundance (0.01 ࣘ em-PAI Ͻ 0.1) and extreme pI values (range from pI 3.77 to 12.27) can be accessed (Table 4 , Supporting Information Tables 3 and 4). Therefore, 2DE coupled with highly sensitive LC-MS/MS is a very strong approach to maximize the number of accessible proteins and even protein species in a human proteome. 
Concluding remarks
Multiple proteins (Glioblastoma: an average of at least 42 proteins/spot; Pituitary adenoma: an average of at least 63 proteins/spot) were present within Coomassie-stained 2DE gel spots in analyses of glioblastoma and pituitary adenoma proteomes. For conventional 2DE-based comparative proteomics of complex human tissues with optical density quantification, our results further support the finding that the accuracy of a differentially abundant protein is misleading because one cannot accurately determine which protein is present with different amount. This study identified lots of low-or extremely low-abundance proteins in each analyzed 2DE spot, and discovered that 802 glioblastoma proteins occurred in two or more spots with randomly analyzed 44 spots and 157 pituitary adenoma proteins occurring in two or more spots with randomly analyzed ten spots. Moreover, isotope labeling such as SILAC coupled with 2DE-LC/MS as discussed above shows a super high power in detection and quantification of different proteins in a complex proteome, and 2DE coupled with immunoblot and mass spectrometry is a good choice for analysis of protein variants/isoforms or protein species of a given protein. Therefore, 2DE coupled with isotope labeling and a high sensitivity mass spectrometer has a much stronger power in identification and quantification of protein variants, protein species, and low abundance proteins of the human tissue proteome as estimated before our investigation. The MS data have been deposited to the ProteomeXchange Consortium via the PRIDE [49] partner repository with the dataset identifier PXD004930. The spot number in the present article corresponding to the spot number in PRIDE Archive is listed in Supporting Information Table 9 .
